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Background: A novel chaperone, cpSRP43, recognizes and disassembles the aggregates formed by its client proteins.
Results: The client proteins of cpSRP43 form stable disc-shaped aggregates with the chaperone recognition motif displayed on
the surface.
Conclusion: The surface-exposed motif on the aggregate allows it to be recognized by its chaperone.
Significance: Understanding the structure and energetics of protein aggregates provides insights into the mechanism of their
disassembly.
Protein aggregation is detrimental to the maintenance of
proper protein homeostasis in all cells. To overcome this prob-
lem, cells have evolved a network of molecular chaperones to
prevent protein aggregation and even reverse existing protein
aggregates. The most extensively studied disaggregase sys-
tems are ATP-driven macromolecular machines. Recently,
we reported an alternative disaggregase system in which the
38-kDa subunit of chloroplast signal recognition particle
(cpSRP43) efficiently reverses the aggregation of its substrates,
the light-harvesting chlorophyll a/b-binding (LHC) proteins, in
the absence of external energy input. To understand the molec-
ular mechanism of this novel activity, here we used biophysical
and biochemical methods to characterize the structure and
nature of LHC protein aggregates. We show that LHC proteins
formmicellar, disc-shaped aggregates that are kinetically stable
and detergent-resistant. Despite the nonamyloidal nature, the
LHC aggregates have a defined global organization, displaying
the chaperone recognition motif on its solvent-accessible sur-
face. These findings suggest an attractive mechanism for recog-
nition of the LHC aggregate by cpSRP43 and provide important
constraints to define the capability of this chaperone.
The proper folding of proteins into their native structures is
essential for the function and survival of cells. However, envi-
ronmental stress, molecular crowding, and potential exposure
of hydrophobic regions of proteins during their biogenesis
(1–3) pose challenges to protein folding in vivo. In this setting,
improper intra- or intermolecular interactions can lead to the
aggregation of proteins. Aggregate formation is detrimental to
cells as it removes functional proteins (4). Moreover, some
aggregates, both amorphous ones and those that lead to highly
ordered amyloid fibrils, are toxic to cells and have been impli-
cated in a variety of protein folding diseases (5–7).
Cells have evolved elaborate mechanisms to overcome the
problems associated with protein aggregation. A specialized
class ofmolecular chaperones, the “disaggregases,” can perform
the energetically uphill process of reversing protein aggrega-
tion. Thus far, studies of disaggregases have been dominated by
the Clp/Hsp100 family of AAA 3 ATPases (ATPases associ-
ated with various cellular activities), such as ClpB in pro-
karyotes and Hsp104 in yeasts (3). Both are large hexameric
rings (500 kDa) powered by mechanical forces from ATP
hydrolysis and require additional co-chaperones to efficiently
disassemble a variety of protein aggregates (8, 9). The complex-
ity of these disaggregase systems and the promiscuity in their
substrate selection have made it difficult to pinpoint their
molecular mechanisms of action. Further, AAA disaggregase
machines were only found in prokaryote and yeast, and no
homologues have been identified in higher eukaryotes outside
of plastids and mitochondria. It is conceivable that alternative
mechanisms of disaggregation, such as the recently described
Hsp110–70–40 system (10, 11), could be used in higher
eukaryotes. An understanding of alternative disaggregase sys-
tems can shed light on novel principles and mechanisms by
which cellular chaperones overcome protein aggregates.
Previously, we identified an efficient disaggregase activity
in the chloroplast signal recognition particle 43 subunit
(cpSRP43) (12). This provides an example in which a relatively
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small protein scaffold (38 kDa) can recognize and disrupt large
protein aggregates in an ATP-independent mechanism (12), in
contrast to the Clp/Hsp100 family of disaggregases. cpSRP43 is
part of the protein targeting machinery, the cpSRP, that medi-
ates the delivery of the light-harvesting chlorophyll a/b-binding
(LHC) family of proteins to the thylakoid membrane (13–15).
The most abundant member of the LHC family, LHCP, com-
prises30% of the proteins on the thylakoid membrane and is
arguably the most abundant membrane protein on earth. The
sheer abundance of these proteins and their highly hydropho-
bic nature demands highly effective chaperones that protect
them from aggregation before arrival at the membrane. In the
chloroplast stroma, this chaperone function is provided by
cpSRP43, which effectively protects LHC proteins from aggre-
gation and can even reverse preformed large LHC protein
aggregates (12, 16). cpSRP43 recognizes a highly conserved
18-amino acid loop between the second and the third trans-
membrane (TM) domains of LHC proteins, termed L18 (17,
18). In previouswork, we showed that the specific interaction of
cpSRP43 with the L18 motif is crucial for the chaperone and
disaggregase activity of cpSRP43 (12). This and other observa-
tions led us to propose that, in the absence of external energy
input, cpSRP43 uses specific binding energy with its substrate
proteins to remodel and rescue LHC protein aggregation (12).
To gain insights into the molecular mechanism that under-
lies the novel disaggregase activity of cpSRP43, we need to first
understand the nature of the LHC aggregate and identify the
structural features that facilitate its disassembly by cpSRP43.
To this end, we examined the nature and structure of the LHC
aggregate using biophysical and biochemical techniques. We
show that LHC proteins form disc-like particles with a rela-
tively amorphous hydrophobic core, but exhibit a defined inte-
rior/exterior organization inwhich the L18 recognitionmotif is
displayed on the solvent-exposed surface. This suggests an
attractivemechanism for cpSRP43 to recognize the LHC aggre-
gates and thus initiate their disassembly.
EXPERIMENTAL PROCEDURES
Materials—LHCP, Lhcb5, and their mutants were purified
under denaturing conditions as described (12), except that 6 M
GdmHCl was used instead of 8 M urea for Lhcb5. A1–40 and
recrystallized thioflavin T (ThT) were generous gifts from Dr.
J. W. Kelly. 1-Anilino-8-naphthalene sulfonate (ANS) and bis-
ANSwere from Sigma and Invitrogen, respectively. n-Dodecyl-
N,N,-dimethylamine-N-oxide (LDAO), n-dodecyl--D-malto-
pyranoside (DDM), n-octyl--D-glucopyranoside (-OG), and
n-nonyl--D-glucopyranoside (BNG) were fromAnatrace. Tri-
ton X-100 was from Sigma, and SDS was from Bio-Rad. Urea
and GdmHCl were molecular biology grade from MP and
Sigma, respectively. 1-Oxyl-2,2,5,5-tetramethylpyrroline-3-
methyl methanethiosulfonate (MTSSL) was from Toronto
Research Chemicals, N-ethyl-maleimide was from Sigma, and
N-(1-pyrene)-maleimide was from Invitrogen.
Light Scattering Assay—Light scattering experiments were
performed as described previously (12). For formation of aggre-
gates (see Fig. 3, black), unfolded LHCP in 8 M urea was directly
diluted into Buffer D (50mMKHEPES, pH 7.5, 200mMNaCl) to
the desired final concentration; the final concentration of urea
was equalized among different samples. The critical micelle
concentration is obtained as the x-intercept from the linear fit
of the data (19). For serial dilution experiments (see Fig. 3, red),
the sample at 1 M LHCP was serially diluted (by 2-fold) into
fresh Buffer D and allowed 10–30min to equilibrate before the
measurement.
TEM—LHCP aggregates were formed by diluting unfolded
LHCP in 8 M urea into Buffer D to a final concentration of 2M.
After incubation at 25 °C for 5 min, the sample was diluted
5-fold and immediately deposited onto a glow-discharged 200-
mesh Formvar grid (Ted Pella Inc.). After a 45-s adsorption
time, the grid was washed in water and then stained with 1%
uranyl acetate for 45 s. Transmission electron microscopy
(TEM) images were obtained on a 120-kV Tecnai T12 electron
microscope coupled with a CCD camera. The diameters of the
particles were measured using ImageJ (20).
AFM—1M LHCP aggregate in Buffer D was deposited onto
a freshly cleavedmica and incubated for 5 min at 25 °C to allow
equilibration. The wafer was rinsed with Millipore water and
dried under theweak flux of nitrogen. Atomic forcemicroscopy
(AFM) images were taken immediately after the sample was
prepared. ADigital InstrumentNanoscope IIIAAFM system in
tapping mode was used throughout at ambient conditions. A
sharp TESP tip (Veeco) was used in the experiment. Typical
values for the force constant, resonance frequency, and tip
radius were 42 newtons/m, 320 kHz, and 8 nm, respectively.
Particle sizes were obtained by calculating the projected area of
each particle at half-maximal height onto the surface. This is
because the apparent lateral size of surface features is usually
overestimated due to the broadening effect of the AFM tip. The
cross-sectional area at half the maximum height provides a
more realistic distribution of sizes of the particles.
Fluorescence—All fluorescence experiments were carried
out in Buffer D using a FluoroLog 3-22 spectrofluorometer
(HORIBA Jobin Yvon). For bis-ANS experiments, 1 mM bis-
ANS was added to Buffer D with or without 1 M LHCP aggre-
gate. The samples were excited at 395 nm and then scanned from
410 to 620 nm, with excitation and emission band passes of 2 and
5 mm, respectively. For ThT experiments, 20 mM recrystallized
ThT was added to Buffer D containing no aggregate, aggregates
from1or 5MLHCP, or 15M freshly sonicatedA1–40 amyloid.
The sampleswere excited at 440nmand then scanned from470 to
570 nm, with the excitation and emission band passes of 3 and 7
mm, respectively. For comparison,ThT fluorescence from1and5
M unfolded LHCP in 8 M urea was measured.
For pyrene excimer experiments, DTT-reduced single cys-
teine mutants of Lhcb5 in 6 M GdmHCl were labeled with a
30-foldmolar excess of pyrenemaleimide at room temperature
in the dark for 2 h. Excess pyrene was removed by gel filtration,
and the efficiency of spin labeling (90–100%) was determined
by LC-MSDSL 1100 series (Agilent Technologies, Santa Clara,
CA). The samples were prepared by diluting pyrene-labeled
Lhcb5 pairs into Buffer D for a final concentration of 1.5M for
each variant. Spectra were obtained from excitation at 317 nm
and then scanned from 360 to 560 nm, with excitation and
emission band passes of 3 and 6 mm, respectively. The amount
of excimer fluorescence, indicated by a red shift to 445 nm, is
normalized against the nonexcited fluorescence signal at 376
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nm. Statistically, when two variants A and B are mixed, there is
a population distribution of homo-pairs (e.g. 25% A-A and 25%
B-B) and hetero-pairs (50% A-B). The equation below corrects
for the real hetero-pair excimer (FAB)
FAB 2 FAB,app 0.25FA 0.25FB (Eq. 1)
where FAB,app is the apparent ratio of excimer fluorescence
(I445/I376) between two pyrene-labeled variants, and FA and FB
is the ratio of excimer fluorescence of each individual variants
measured separately.
Sedimentation—Unfolded LHCP was diluted to 10 M in
Buffer D and incubated at 25 °C for 5 min. Aggregation was
complete, judged by the absence of LHCP in the supernatant
after centrifugation at 13,000 rpm in a microcentrifuge for 30
min. The pellet was dissolved with 50 l of detergent or chem-
ical denaturants at different concentrations for 30min at 25 °C.
The mixtures were then spun at 13,000 rpm in a microcentri-
fuge for 30min, and soluble and pellet fractionswere boiled and
visualized by SDS-PAGE.
SDS Solubility—For Fig. 2B, the assay was performed as
described for amyloid fibrils (21). Briefly, aggregation of 10 M
LHCP in Buffer D preceded for 5min at 25 °C. Themixture was
thenmixedwith 2% SDS-PAGE loading buffer and incubated at
either 25 °C or 100 °C for 10 min prior to SDS-PAGE. Only the
proteins that migrated into the resolving gel (e.g. solubilized
portion) were visualized.
Spin Labeling and Electron Paramagnetic Resonance Mea-
surements—Spin labeling reactions were performed in 6 MGdm-
HCl, 50 mM KHEPES, pH 7.5, and 2 mM EDTA. Reduced and
degassed single cysteine mutants of Lhcb5 were labeled with a
3–5-foldmolar excess ofMTSSL at room temperature in the dark
for 2–3 h. Excess MTSSL was removed by gel filtration, and the
efficiency of spin labeling (80–100%) was determined by electron
paramagnetic resonance (EPR) using a 2,2,6,6-tetramethyl peperi-
dine-N-oxyl calibration curve according to manufacturer’s
instructions (Bruker). EPR spectra were acquired using a 9.4-GHz
(X-band) EMX EPR spectrometer (Bruker) equipped with an ER
4119HS cavity at 20–23 °C. To form the aggregate, the individual
spin-labeled proteins in GdmHCl were diluted into Buffer D. The
concentrations of the aggregate samples were 30–100 M. Data
acquisition was as previously described (22).
NEM Alkylation And MS Analysis—Cysteine mutants of
Lhcb5 in 6 M GdmHCl were reduced with 2.5 mM tris(2-car-
boxyethyl)phosphine at room temperature for 2 h. Eachmutant
was diluted into Buffer D to a final concentration of 3.3 M and
incubated on ice for 10 min to form the aggregate followed by
the addition of 100 M N-ethyl-maleimide (NEM). The reac-
tion was quenched with 50 mM DTT at various time points,
concentrated under vacuum, and redissolved in 0.2% formic
acid, and25 pmol of protein was analyzed on an LC-MSD SL
1100 series (Agilent). The samples were chromatographed on a
2.1  150-mm ZORBAX 300SB-C3 column (Agilent) using a
gradient consisting of 0.2% formic acid and 0.2% formic acid in
acetonitrile (89.8%) and methanol (10%). Intact masses were
measured in the single quadrupole and quantified using the
software ChemStation software (Agilent). Control experiments
where different ratios of unalkylated and alkylated proteins
were mixed and subjected to MS analysis show the quantifica-
tion of ratios of alkylated species to be reliable (see Fig. 6E). The
reported accessibilities were calculated as a ratio between the
alkylation of each cysteine mutant under aggregation Buffer D
versus denaturing 6 M GdmHCl.
RESULTS
LHCP Aggregates Contain Exposed Hydrophobic Grooves—
To characterize the surface features of LHC protein aggregates,
we used an established collection of small molecule dyes. Expo-
sure of hydrophobic patches or crevices within aggregates can
be probed by extrinsic fluorescent molecular dyes such as ANS
and bis-ANS (23, 24). We tested whether the aggregates of
LHCP, the most abundant member of the LHC protein family,
share this feature. Indeed, the fluorescence of both ANS (data
not shown) and bis-ANS (Fig. 1A) increased significantly in the
presence of 1 M LHCP aggregate, accompanied by a blue shift
of the fluorescence emission spectra. These results strongly
suggest that LHCP aggregates contain exposed hydrophobic
microdomains that allow the binding of these dyes, consistent
with the highly hydrophobic nature of this protein.
Wenext usedThT to probe the structural organization of the
LHCP aggregate. ThT is often used as a diagnostic for the for-
mation of amyloid fibrils generated by amyloid- (A), -sy-
nuclein, and other amyloidogenic proteins (25). Similar to bis-
ANS, the fluorescence of ThT exhibited a significant increase in
intensity and a blue shift in spectrum in the presence of the
LHCP aggregate (Fig. 1B, blue lines). The extent of these fluo-
rescence changes is comparable with that induced by mature
amyloid fibrils generated by the A1–40 peptide (Fig. 1B, red
versus blue, and Fig. 1C). As microscopy analyses did not indi-
cate fibril formation in the LHCP aggregate (see below), these
results suggest that ThT is not highly specific for amyloid
fibrils, consistent with recent work observing ThT fluorescence
of nonfibrillar aggregates of -lactoglobulin and transthyretin
(19, 26). Instead, this dye possibly binds to hydrophobic grooves
that are often present in amyloid fibrils but can also be gener-
ated by other types of aggregates (27).
LHCP Forms Stable Aggregates—To probe the stability of the
LHCP aggregate, we tested its solubility in various detergents,
including LDAO, DDM, -OG, BNG, and Triton X-100. By
analyzing the amount of proteins in the soluble and insoluble
fractions after medium speed sedimentation (see “Experimen-
tal Procedures”), we showed that none of these detergents were
able to solubilize the LHCP aggregate at or above their respec-
tive concentrations typically used for membrane protein solu-
bilization (Fig. 2A).
In addition, we tested the solubility of the LHCP aggregate in
SDS using an established protocol for amyloid fibrils (21). This
assay evaluated solubility of the aggregate based on themobility
of the protein in SDS-PAGE after incubation with SDS-con-
taining buffer at room temperature (see “Experimental Proce-
dures”). “SDS-insoluble” amyloid fibrils or oligomeric protein
aggregates cannot enter the resolving gel unless boiled (21).
LHCP aggregate showed significant resistance to 2%SDS in this
procedure as only 24% of the aggregates could be solubilized
and migrated into the gel without boiling (Fig. 2B, right panel).
SDS could solubilize large LHCPaggregates only after extensive
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incubation and boiling of the sample (Fig. 2B, left panel). Taken
together, the detergent resistance of the LHC protein aggregate
suggests the presence of highly stable packing interactions
within the aggregate that must be overcome by cpSRP43.
LHCP Forms Micellar, Disc-shaped Aggregates—Formation
of large LHC aggregates can be monitored based on light scat-
tering at 360 nm (12). The scattering intensity increases linearly
with LHCP concentration above 100 nM (Fig. 3, black), sug-
gesting that aggregate formation was complete under these
conditions. However, the linearity broke down at lower LHCP
concentrations (Fig. 3 and inset, black). This was not due to
limitations in instrument sensitivity; when preformed LHCP
aggregates were diluted, linearity in light scattering intensity
was observed at all concentrations and extrapolated through
zero (Fig. 3 and inset, red). These observations show that: (i)
the LHCP aggregate is kinetically stable and virtually irreversi-
ble once it has formed; and (ii) formation of the LHCPaggregate
requires a critical protein concentration, reminiscent of the
critical micelle concentration during micelle formation. An
analogous, “critical aggregate concentration” of 125 nM was
obtained for the LHCP aggregates from these data (see “Exper-
imental Procedures”). This micelle-like characteristic begins to
suggest a globular morphology of the LHC aggregates.
To directly observe the global structure of LHC aggregates,
we examined them using TEM and AFM. Negatively stained
TEM images revealed LHCP aggregates to be circular particles
(Fig. 4, A and B). Analysis of the size of these particles resulted
in a distribution that fits well to aGaussian function, with diam-
eters of 12  2 nm (Fig. 4C). Consistent with the EM images,
AFM analysis also showed LHCP aggregates to be disc-shaped
particles (Fig. 5, A and B) with mean area of 214 94 nm2 (Fig.
5C) ormean diameter of 16 5 nm, in good agreementwith the
FIGURE 1. LHCP aggregates contain exposed hydrophobic surfaces as
detected by small molecule dyes. A, fluorescence emission spectra of 1mM
bis-ANS with (blue) or without (black) 1 M LHCP aggregate. AU, arbitrary
units. B, fluorescence spectra of 20 mM ThT in the absence (black) and pres-
ence of 1 (light blue) or 5 (dark blue)M LHCP aggregate or 15MA1–40 (red).
C, quantification of the ThT fluorescence change at 484 nmperM of protein
(aggregate).
FIGURE 2. LHCP aggregates are resistant tomany detergents. A, sedimen-
tation analysis of the ability of various detergents to resolubilize LHCP aggre-
gates. Critical micelle concentrations of LDAO, DDM, -OG, BNG, and Triton
X-100 (TX-100) are 0.023, 0.009, 0.53, 0.2, and 0.02%, respectively. P and S
denote the pellet and soluble fractions, respectively. B, SDS solubility assay as
described for amyloids (21) shows partial solubility of LHCP aggregates in 2%
SDS (right panel). The samples were directly loaded onto the gel, and solubil-
ity was judged by the mobility of the protein into the resolving gel. Quantifi-
cation using ImageJ revealed that 24% of the LHCP aggregates is soluble
when the sample was not boiled (RT), when compared with 87% for the
boiled sample (100 °C). The left panel shows complete solubilization of LHCP
by SDS (critical micelle concentration 0.23%) after treatment as in A.
FIGURE3.LHCP formsaggregatesafter a critical concentration. Light scat-
tering intensities during formation of the aggregate (black) are compared
with those from serial dilution of preformed aggregates (red). The inset high-
lights the lag phase at low concentrations during formation of the aggregate.
AU, arbitrary units.
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EM measurements. Strikingly, the heights of the aggregates
measured by AFM are “quantized” and peaked at integrals of
0.7–0.8 nm (Fig. 5D and inset). These results suggest that LHC
proteins form disc-shaped aggregates with a height of 0.7–0.8
nm, and these discs can further stack upon one another.
The L18 Recognition Motif Is Displayed on the Aggregate
Surface—To probe the global structure of LHC aggregates at
higher resolution, we engineered 30 single-cysteine mutations,
which span every 5–10 residues throughout the entire protein
sequence of Lhcb5 (Fig. 6A, blue). Lhcb5 is a close homologue of
LHCP (supplemental Fig. S1) that strongly depends on the
cpSRP pathway for its biogenesis. Its aggregation is efficiently
prevented and disassembled by cpSRP43 analogously to LHCP
(12, 28). All single-cysteine mutants were able to form light
scattering aggregates with the same extent and kinetics as wild-
type Lhcb5, and thus can be used to probe the assembly of the
wild-type aggregate (Fig. 6B).
With each single-cysteine mutant, we used two independent
methods to measure their relative positions on the LHC aggre-
gate. In the first approach, we labeled each cysteine with the
nitroxide spin probeMTSSL in 6MGdmHCl, allowed for aggre-
gation in aqueous buffer, and used EPR spectroscopy to inves-
tigate the local backbone mobility of each specific site in the
aggregate. A probe buried inside the aggregate will engage in
strong interactions and have more restricted motions than
those on the solvent-exposed surface and hence exhibit broader
central line width (H) and hyperfine splitting in the overall
spectral width (Fig. 6C, green versus red spectra). As a control,
EPR measurements were carried out for each protein variant
solubilized in 6 MGdmHCl; all spin labels displayed similar, low
values ofH under these conditions, indicating the highmobil-
ity of the residues in the unfolded protein (Fig. 6C, black).
Upon formation of the aggregate, the spin probes in all
the TMs, loop 1 (between TM1 and TM2), and the C termi-
nus of Lhcb5 displayed high H values and broad EPR spec-
tra, suggesting that they are highly immobile and likely
engaged in strong inter- or intramolecular interactions (Fig.
6D, supplemental Table 1, H	1 values are plotted). In con-
trast, spin probes placed in the L18 motif and the N terminus
of TM3 are highly mobile, indicating that these regions are free
from any extensive interactions in the aggregate and are likely sol-
vent-exposed (Fig. 6D). Inaddition, spin labels at theNterminusof
Lhcb5 also displayed highly mobile spectra.
To independently probe the global architecture of LHC pro-
tein aggregates, we examined the susceptibility of the individual
cysteine residues to alkylationwithNEM.The cysteine residues
FIGURE 4. TEM analysis of LHCP aggregates. A, large field view of a nega-
tively stained TEM image of LHCP aggregates. B, a zoomed-in image shows
that LHCP aggregates are round particles. C, size distribution of the LHCP
aggregates, measured from several independent experiments. The mean
diameter is 12 2 nm.
FIGURE 5. AFM analysis of LHCP aggregates. A, large field view of AFM
topographic image showing well separated LHCP aggregates. Large clusters
are occasionally observed. The scale bar is 500 nm. B, a zoomed-in region of
the image reveals disc-shaped particles. The lines indicate particles whose
heights were measured (red, blue, and green). The scale bar is 100 nm. C, size
distributionof LHCPaggregates,measured fromseveral regionson thesurface.
The red line is aGaussian fit to thedata,whichgave ameanareaof theparticle of
214 nm2.D, height distribution of LHCP aggregates shows three populations of
0.8, 1.4, and 2.1 nm. The inset shows the height profiles for the representative
particles indicated in B. Curves are vertically displaced for clarity.
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on the solvent-accessible surface of the aggregate will react rap-
idly and efficiently with NEM, whereas those buried within the
aggregate will be alkylated much less efficiently (Fig. 6F, green
versus red curves). The efficiency of alkylation can be quantified
by intact mass spectrometry and provides a direct measure for
the solvent accessibility of individual residues in the LHC
aggregate (Fig. 6E). As a control for the intrinsic bias in the
reactivity of cysteines at different positions, each single-cys-
teine mutant was solubilized in 6 M GdmHCl and tested in
parallel experiments (Fig. 6F, black).
In agreement with the results of EPRmeasurements, the res-
idues within the TMs exhibit low efficiency of alkylation, rang-
FIGURE 6.Mapping the LHC aggregates reveals exposedmotif. A, Lhcb5 sequence, with residues mutated to cysteine in blue, the TMs underlined in green,
and the L18 peptide underlined in red. B, light scattering from aggregates (A360) 5 min after dilution of each single-cysteine mutant into Buffer D, final
concentration, 1MLhcb5proteins. Values are relative to that ofwild-typeprotein. rel A360, relativeA360.C, representative EPR spectra of the spinprobesplaced
at buried site L130Cof TM2 (green), at exposed site L170Cof L18 (red) uponLhcb5aggregation, andat L170CwhenLhcb5was solubilized in 6MGdmHCl (black).
a. u., arbitrary units.D, summary of themobility of different residues in the Lhcb5 aggregate, reported in values ofH	1. Residues in the TMs are in green, L18
is in red, and the remainder of Lhcb5 is in black. E, control experiment shows that intact mass spectrometry can be used for the quantification of the efficiency
of NEM alkylation. Wild-type Lhcb5, which contains one native cysteine (Cys-100), was reactedwith NEM to completion in 6 M GdmHCl. Different known ratios
of the NEM-modified Lhcb5 were mixed with unreacted protein and submitted for MS analysis. F, time courses for the alkylation reactions of representative
cysteines at residues L130C and L170C in Lhcb5 aggregates and at residue L170C when Lhcb5 was dissolved in 6 M GdmHCl. G, summary of NEM accessibility
of the single-site cysteines in the Lhcb5 aggregate. The color scheme is the same as in D.
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ing from 20 to 40%, in contrast to the almost complete alkyla-
tion of the respective cysteines under denaturing conditions
(Fig. 6G and supplemental Table 1). Residues in loop 1 and the
C terminus of the LHCprotein exhibit slightly higher alkylation
efficiency, 40–60%, indicating that these regions are partially
buried in the aggregate but to a lesser extent than the TMs. In
contrast, residues on the L18 loop and the N-terminal end of
TM3 proximal to L18 are almost completely alkylated (90–
100%), suggesting that these sites are highly solvent-accessible
and presented on the exterior of the aggregate. Finally, residues
in the N terminus of Lhcb5 showed almost 100% reactivity,
again demonstrating the exposure of this region on the aggre-
gate surface.
Although the burial of TMs in the Lhcb5 aggregate is
expected due to their hydrophobic nature, the lowmobility and
inaccessibility of loop 1 and the C terminus of Lhcb5 were sur-
prising. We therefore asked whether the burial of these loop
regions results from topological constraints imposed by the
neighboring TMs or from the inherent physicochemical prop-
erty of the looping sequence. To address this question, we
altered the location of L18 in Lhcb5 by either swapping it with
loop 1 (TM1-L18-TM2-TM3) to construct the LoopSwap
mutant or swapping it with the protein sequence C-terminal to
TM3 (TM1-TM2-TM3-L18) to construct the C-terminal
mutant. The aggregate formed by both constructs can be res-
cued by cpSRP43 (Fig. 7A), suggesting that cpSRP43, despite its
specific interaction with L18, can tolerate variations in the
remainder of the sequence of its substrate.
To probe the accessibility of individual motifs in the L18-
swapped mutants, we probed the accessibility of engineered
single cysteines in each domain by NEM alkylation. The alkyla-
tion efficiency of each motif in both L18-swapped mutants is
similar to that of wild-type Lhcb5; the L18motif is highly acces-
sible and almost completely alkylated, whereas loop 1 and the C
terminus regions exhibit medium levels of alkylation (Fig. 7,
B–D). These results indicate that the intrinsic properties of
these sequences/domains determine their accessibility in the
aggregate and demonstrate that the L18 motif has a strong
tendency to be displayed on the surface of protein aggregates.
LHC Aggregates Contain an Amorphous Hydrophobic Core—
To determine whether the TMs of the LHC protein make spe-
cific intermolecular contacts in the buried core of the aggregate,
we exploited the ability of pyrene labels to form excited state
dimers (excimers) when they are within 4–10 Å of each other.
High pyrene excimer fluorescence reports on close proximity
between specific sites within the aggregate. To this end, we
mixed two proteins, each labeled with pyrene at a single cys-
teine residue, in all pair-wise combinations, allowed them to
form the aggregates, andmonitored for pyrene excimer fluores-
cence at 455 nm relative to the monomer fluorescence at 375
nm (see “Experimental Procedures”). As a positive control, we
FIGURE 7. L18 has a strong tendency to be exposed on the surface of the
aggregate. A, the extent of wild-type and mutant Lhcb5 aggregates (1 M)
resolubilized by 10 (white), 20 (gray), and 40 (black) M cpSRP43. The aggre-
gates formed by L18-swapped mutants TM1-L18-TM2-TM3 (LoopSwap (LS))
and TM1-TM2-TM3-L18 (C-terminal (Cterm)) can be rescued by cpSRP43,
although the LoopSwapmutant required a higher concentration of cpSRP43.
B, NEM accessibility analysis of residues in the wild-type aggregates. Regions
probed include the N terminus (G50C), TM1 (A80C), loop 1 (N120C), L18
(G162C), and C terminus (A230C). C and D, NEM accessibility analysis of the
same residues in the LoopSwap construct (C) and in the C-terminal construct
(D). Error bars in all panels indicate S.D.
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used a double-cysteine mutant V139C/L140C and labeled
both positions with pyrene probes. The excimer ratio of this con-
struct was high, 0.8 (Fig. 8A). As the negative control, pyrene-
labeled L180Cwas used (excimer ratio
 0.08; Fig. 8A).
Two important lessonswere learned from the results of these
measurements. First, many pyrene pairs exhibit excimer fluo-
rescence intensities substantially above the background and
above the other pyrene pairs, with excimer ratios of 0.30 for
homo-pyrene pairs at multiple residues in TM1 (67, 72, 88, and
92) and for multiple hetero-pyrene pairs in all three TMs
(Fig. 8B). Second, these excimer fluorescence intensities
were still modest, up to 0.36 (Fig. 8B). These values are far
below the values of 0.6–0.8 expected for specifically inter-
acting pairs that are always in close proximity. These data
indicate that in the LHC aggregate, the TMs form extensive
intermolecular contacts in its hydrophobic core, but these
interactions are much less specific than those observed in
amyloid fibrils (29).
FIGURE 8.Analysis of pyrene excimer fluorescence reveals an amorphous aggregate core.A, representative pyrene spectra for the homo-pair L180Cwere
recorded when it was solubilized in 6 M GdmHCl (black trace). Pyrene-labeled homo-pair A67C and L180C after aggregate formation in Buffer D show excimer
fluorescence (red and blue traces, respectively). Doubly pyrene-labeled Lhcb5 mutant V139C/L140C in Buffer D served as positive control for pyrene excimer
fluorescence between residues in close proximity (orange trace). a.u., arbitrary units. B, the chart lists pyrene excimer fluorescence (I445/I376) for all pairwise
combinations (see “Experimental Procedures”); excimer fluorescence values between 0.21 and 0.29 are highlighted in yellow, and values0.3 are in orange.
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Taken together, the results demonstrate that: (i) LHC pro-
teins form highly stable, disc-shaped aggregates; (ii) despite the
possibly amorphous nature of the LHC aggregate core, it con-
tains a defined global organization that can be reliably probed;
and (iii) the L18motif, among other regions of the LHCprotein,
is displayed on the surface of the aggregate and thus poised for
interactions with cpSRP43 (Fig. 9). These results suggest an
attractive model in which cpSRP43 could recognize the L18
motif presented on the surface of the aggregate, providing a
starting point for its action as a disaggregase. Further, the expo-
sure of theN terminus and theN-terminal end of TM3 suggests
additional potential interaction sites with cpSRP43 during
aggregate recognition.
DISCUSSION
The ability of cpSRP43 to prevent and reverse LHC protein
aggregation demonstrates the diversity and capability of cellu-
lar chaperones and highlights a disaggregationmechanism that
relies on binding interactions instead of external energy input.
The robustness and simplicity of the cpSRP43-LHC disaggre-
gase system provide an opportunity to unravel the mechanism
by which a relatively small, ATP-independent chaperone can
rescue insoluble protein aggregates. In this work, biophysical
and biochemical analyses of the structure and energetics of the
LHCP aggregate help define the capability of cpSRP43 as a pro-
tein disaggregase and suggest an attractive mechanism for how
this chaperone recognizes the LHC protein aggregates to initi-
ate the disaggregation reaction.
Using kinetic analyses, we previously showed that cpSRP43
can actively remodel and disassemble LHC aggregates (12). To
gauge the amount of energy cpSRP43 must overcome during
disaggregation, here we examined the stability of the LHC
aggregates. The results indicate that LHC aggregates are stable
both kinetically and thermodynamically. First, extensive dilu-
tion of the aggregate did not lead to resolubilization, suggesting
that LHC aggregates, once formed, are kinetically stable. This is
in contrast to the “salting out” effect, in which protein precipi-
tates are reversibly produced when the protein concentration
exceeds the solubility limit (30). Second, LHC aggregates are
resistant to a variety of detergents, even up to 2% SDS, akin to
highly stable fibrils and insoluble amyloid oligomers (31). The
stability of the LHC aggregate further supports the notion that
its reversal requires the active participation of cpSRP43 to
engage and disrupt the aggregate and showcases the capacity of
this chaperone as a disaggregase.
Themorphology of the LHCaggregates bears resemblance to
those of the soluble oligomeric intermediates that often pre-
cede amyloid fibril formation, which are disc-shaped, 9–25 nm
in diameter, and 2–3 nm in height (32, 33). Although earlier
work tends to categorically describe these protein aggregates as
amorphous, accumulating data suggest that there are nonethe-
less degrees of organization in someof these aggregates (34, 35).
For instance, the folding intermediates of bovine growth hor-
mone, phosphoglycerate kinase, P22 tailspike, and coat pro-
teins participate in specific intermolecular interactions in their
aggregation pathways (36–38). Likewise, although highly spe-
cific intermolecular interactions have not been detected in the
LHC aggregates, more detailed analyses at the individual resi-
due level provide convincing evidence that LHC aggregates
have a defined interior and exterior that can be reliably probed,
arguing against complete disorder in these aggregates.
What features of the LHC aggregate allow cpSRP43 to rec-
ognize it and initiate the disaggregation process? Answers to
this question are central to understanding the mechanism of
the disaggregase activity of cpSRP43. The results here strongly
suggest that the formation of LHC aggregates is driven largely
by hydrophobic collapse to bury its three TM domains. Impor-
tantly, we showed that the N terminus of the LHC protein, the
L18 motif, and the N-terminal segment of TM3 are displayed
on the solvent-accessible surface when LHC proteins form
aggregates. As the L18motif is the primary recognition element
for cpSRP43, its presentation on the exterior of the aggregate
provides a very attractive mechanism by which cpSRP43 could
recognize and anchor onto the aggregate to initiate the disas-
sembly process (Fig. 9). Conceivably, the N-terminal fragment
of TM3 proximal to the L18 motif could also contribute to this
initial recognition as previous work has detected cross-links
between cpSRP43 and residues at the N terminus of TM3 (39).
This and additional mutational studies suggest that TM3 is a
likely candidate for cpSRP43 to initiate disruptions of the inter-
nal packing within the LHC aggregate (see accompanyingman-
uscript (45)).
Further, the L18 swap experiments show that the L18motif is
a dominant sequence element that has a strong tendency to be
displayed on the surface of a protein aggregate, likely due to its
relatively polar amino acid composition andhigh propensity for
disorder (Fig. 7). Considering that cpSRP43has co-evolvedwith
and is dedicated to the chaperoning of the LHC family of pro-
teins, it is intriguing that the latter evolved a polar L18 recogni-
tion motif and made it accessible even when they form aggre-
gates, which would enable cpSRP43 to readily recognize the
aggregated LHC proteins. Although the physiological signifi-
cance of the disaggregase activity of cpSRP43 remains to be
directly established, this observation is consistent with the pos-
sibility that this activity is beneficial as it would enable cpSRP43
to rescue aggregated, off-pathway intermediates during the tar-
geting or insertion of its substrate proteins (40).
FIGURE 9.Model for theglobal organizationof LHCproteins in the aggre-
gate. L18 is in red, the TMs are in different shades of green, and the other
looping sequences are in black. The shaded region depicts the buried core of
the aggregate. For clarity, only one LHCP molecule in the aggregate is
highlighted.
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The mechanism of aggregate recognition proposed here for
cpSRP43 is distinct from those proposed for ClpB/Hsp104,
where exposed patches enriched in charged and hydrophobic
amino acids are recognized by the disaggregases (41, 42). It can
be speculated that a generalized mode of substrate recognition
is optimal for Hsp70 and/or the AAA disaggregases, which
must handle a broad range of substrates. In contrast, dedication
of cpSRP43 to the LHC family of proteins allows them to adopt
a more specific and effective mechanism, in which an exposed
polar motif is used for recognition and ultimately enables the
chaperone to gain access to the hydrophobic core. This mech-
anism of aggregate recognition could explain analogous disag-
gregase systems reported previously, such as the mitochondria
import stimulation factor (MSF), whose ability to rescue aggre-
gated mitochondrial precursor proteins also depends on the
basic mitochondrial signal sequence that is likely displayed on
the aggregate surface (43, 44). On the other hand, the L18 swap
experiments here and additional mutagenesis studies (see accom-
panying manuscript (45)) strongly suggest that the interaction of
cpSRP43 with the remainder of the LHC protein, apart from L18,
is highly adaptable as a wide range of unnatural substrates can be
effectively bound, chaperoned, and rescued by cpSRP43.
In summary, in-depth characterization of the nature and
structure of the LHC protein aggregate suggests an attractive
mechanism for its recognition by cpSRP43 and provides impor-
tant constraints for the capability and limitation of the disag-
gregase activity of cpSRP43. In the accompanying manuscript
(Jaru-Ampornpan et al. (45)), the lessons learned from this
work are leveraged against structure-function analyses to pro-
pose a multistep mechanism for the disaggregase reaction
mediated by cpSRP43. These results provide a foundation for
understanding the molecular basis of ATP-independent disag-
gregase systems and guide the engineering of specific chaper-
one-substrate interactions for aggregates of similar nature.
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